The effect of the finite extinction ratio of an electro-optic modulator (EOM) on the Brillouin frequency measurement of a distributed Brillouin-based fiber optic sensor is studied. An EOM with a finite extinction ratio limits the application of Brillouin optical time domain analysis in a distributed Brillouin-based fiber optic sensor. This results in confusion in specifying the location of the strained region and in error in detecting the Brillouin frequency and hence in strain and temperature measurement. 1 monitors the interaction of two counterpropagating laser beams, a cw pump and a pulsed Stokes beam, through an induced acoustic wave inside the f iber. The interaction magnif ies the pulsed Stokes beam at the expense of depleting the pump beam, which is then detected as a loss signal, as shown in Fig. 1 . The largest depletion of the pump beam at a point along the fiber, i.e., at resonance, happens when the frequency of the acoustic wave n B at that point matches the beat frequency of the two laser beams, i.e., n p 2 n s n B , where n p and n s are the pump and the Stokes frequencies, respectively. The frequency of the acoustic wave, hereafter called the Brillouin frequency, is related to the f iber properties and to the pump wavelength and varies linearly with temperature and strain. 2 By scanning Stokes frequency n s over a range of frequencies and measuring the intensity of the corresponding signal at the detector, one obtains a Brillouin loss spectral prof ile. The amount of shift in the resonance frequency of this prof ile, dn B , with respect to a reference condition is used to determine temperature or strain variations. These distributed sensors can measure, in principle, strain and temperature at any point along the sensing f iber. Distributed sensing is possible through Brillouin optical time-domain analysis (BOTDA). In this method the spatial information is related to the round-trip time by z tc͑͞2n͒. This means that the signal detected at time t represents the Stokes -pump interaction at position z tc͑͞2n͒ and time t͞2. Consequently the spatial resolution is determined by dz cW ͑͞2n͒, where W is the Stokes pulse width.
In the setup developed by Bao et al., 1 an electrooptic modulator was used to convert a cw laser beam into a pulsed laser beam with a controllable pulse width. However, because the electro-optic modulator has a f inite extinction ratio, def ined as R x ͑P pulse 1 P cw ͒͞P cw , the pulsed laser always contains a cw component, which is hereafter called leakage. We have developed a simulation model of Brillouin-based fiber optic sensors and found that the finite extinction ratio affects the Brillouin spectral shape and limits the ability of BOTDA to obtain the spatial information. 3 Consequently, the Brillouin interaction of the Stokes and the pump beams consists of both leakage -pump and pulse -pump interactions. The dominant interaction ultimately determines the resultant prof ile shape, linewidth, and limitation in obtaining the spatial information. In terms of the overall Brillouin profile, the leakage-pump interaction contributes a Lorentzian distribution, whereas the pulse-pump interaction contributes a Gaussian distribution when the pulse width approaches or narrows below the phonon lifetime. 3 In this Letter we demonstrate how the finite extinction ratio limits the capability of BOTDA and how one can minimize this limitation by varying the leakage and Stokes powers and the f iber length. The simulation is based on a numerical model of stimulated Brillouin scattering developed by Afshaarvahid et al., 4 in which three coupled differential equations,
that describe pump E p , Stokes E s , and acoustic Q fields are solved numerically. Here g 1 and g 2 are the coupling coeff icients related to the Brillouin signal gain through g B 2g 1 g 2 ͞G 1 . G is a complex value given by G G 1 1 iG 2 , where G 1 1͑͞2t͒ is the damping rate and G 2 Dv v 2 v B is the detuning frequency. We used the geometry shown in Fig. 1 and the following parameters in our model: g B 5 3 10 23 cm͞MW, t 10 ns, d 9 mm, W 1 ns, L 6 m, P pump 5 mW, and P pulse 2 mW, where t is the phonon lifetime and d is the fiber core's diameter. The input Stokes is a super-Gaussian pulse with a cw leakage component. The sensing f iber consists of three sections: section A, 0 , z , z 1 , is under no strain and has no temperature change and thus no relative Brillouin shift; section B, z 1 , z , z 2 , is under strain with a relative Brillouin frequency shift of 231.9 MHz; and section C, z 2 , z , L, is under strain with a relative Brillouin frequency shift of 31.9 MHz. Figure 2 shows the frequency prof ile that corresponds to the middle of section B for several extinction ratios. The R x `(cw leakage is zero) curve shows a broad Gaussian prof ile as a result of a short ͑W 1 ns , t͒ pulse -pump interaction. The other prof iles, however, show twofold spectral prof iles that consist of the Gaussian profile of R x `, indicating their pulse -pump interaction, plus a narrower Lorentzian prof ile, representing their cw leakage-pump interaction. Therefore the total spectral shape and linewidth of any Stokes -pump interaction are determined by the dominant process of the pulse -pump or leakage-pump interactions. A dominant pulse -pump or leakage-pump interaction makes the Brillouin spectral prof ile become more Gaussian with a large linewidth or more Lorentzian with a narrower linewidth, respectively. This twofold structure has been observed experimentally and has led to a new spectral f itting method 6 in which a combination of Gaussian and Lorentzian prof iles with different linewidths is used to fit the experimental data. Zooming in on the central part of Fig. 2 reveals (see Fig. 3 ) that, although the prof ile corresponds to the middle of section B and hence should present only one peak at the Brillouin frequency shift of 231.9 MHz (peak 1), it presents three peaks, at 231.9, 0, and 31.9 MHz, corresponding to the Brillouin frequency shifts of all three sections. This causes confusion in determining the true Brillouin frequency shift of strained section B and errors when the Brillouin frequency shifts of neighboring sections are close to that of this section. The concept of BOTDA is based on the fact that the signal detected at time t represents the Stokes-pump interaction at time t͞2 and position z tc͑͞2n͒ (assume that z is in region B). An electro-optic modulator with a f inite extinction ratio permits cw leakage in every section of the f iber, which complicates the BOTDA measurement in two ways: First, before the Stokes-pump interaction at t͞2 and z tc͑͞2n͒, the pump is depleted by the cw leakage during time interval ͓0, t͞2͔. Hence it carries information on the Brillouin interaction in region C. Second, after the pulse -pump interaction at z, the depleted pump continues to interact with the cw leakage component as it propagates in region A toward the detector. Therefore the signal detected at time t carries the Brillouin interaction information of position z as well as of regions A and C.
The strength of these extra leakage -pump interactions decreases as the leakage power decreases or the pulse power increases (i.e., the extinction ratio increases). This can be seen from Figs. 3 and 4 , where we have compared the spectral profiles for several extinction ratios that we obtained by changing the leakage or pulse powers, respectively. We have also compared the height of the Brillouin peak that corresponds to strained section B (peak 1 in Figs. 3 and 4) with those of neighboring peaks 2 and 3 for different extinction ratios. Figure 5 shows that, as the extinction ratio increases, the relative height of peak 1 with respect to those of peaks 2 and 3 increases, resulting in better suppression of peaks 2 and 3. The strength of leakage-pump interactions in regions A and C also depends on the lengths of these regions. Thus the capability of our sensing system to detect the true Brillouin frequency shift of a strained region (e.g., region B) depends on the region's length relative to those of other f iber sections. Figure 6 shows that the height of the true Brillouin peak of strained region B decreases relative to those of regions A and C as their lengths are increased. Therefore, smaller relative lengths L B ͞L A and L B ͞L C lead to greater diff iculty in detecting the true Brillouin frequency shift. This means that the best achievable spatial resolution of the sensor system is limited by the fiber length as a result of the extra leakage-pump interactions in regions A and C. As a result, the spatial resolution should be determined by the minimum detectable strain-temperature section rather than by the 10-90% rise time of the pulse, as normally def ined in the distributed sensor field.
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